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Robert T. Rubin, M.D., Ph.D., L. Kathleen Sekula, R.N., Ph.D., Susan O'Toole, R.N., C.S., M.S.N., Michael E. Rhodes, Ph.D., and R. Kenneth Czambel, B PHYSO (8 g/kg IV) , AVP (0.08 U/kg IM) , PHYSO plus AVP, and saline control. Serial blood samples taken before and after pharmacologic challenge were analyzed for ACTH , cortisol, and AVP. PHYSO and AVP administration produced no side effects in about half the subjects and mild side effects in the other half, with no significant female-male differences overall. There also were no significant female-male differences in ACTH or cortisol responses to AVP. In contrast, the men had significantly greater ACTH There is ample evidence from animal studies that cholinergic neurotransmission stimulates both CRH and arginine vasopressin (AVP) secretion (Gregg 1985; Tuomisto and Männistö 1985; Assenmacher et al. 1987; Tsagarakis and Grossman 1990; Michels et al. 1991; Okuda et al. 1993; Whitnall 1993; Coiro et al. 1995; Calogero 1995; Ohmori et al. 1995) , both of which stimulate ACTH secretion (Rivier et al. 1990; Antoni 1993) . Several studies in humans, however, suggest that the hypothalamo-pituitary-adrenal cortical (HPA) axis is activated only by doses of cholinergic agonists that produce noxious side effects, especially nausea (Carroll et al. 1980; Davis et al. 1982; Doerr and Berger 1983; Nurnberger et al. 1983; Lewis et al. 1984; Krieg et al. 1987; Freeman et al. 1990) , and, by inference, a nonspecific stress response, nausea being a powerful stimulus to AVP release (Nussey et al. 1988; Koch et al. 1990; Kohl 1992) . In the present study, a dose of physostigmine (PHYSO), a reversible cholinesterase inhibitor, was established that discernibly elevated plasma ACTH and cortisol concentrations in normal subjects but produced few or no side effects. The purpose was to develop a pharmacologic cholinergic challenge to the central nervous system as specific as possible, with which to test the cholinergic overactivity hypothesis of major depression (Dilsaver 1986; Janowsky and Overstreet 1995) , as reflected by HPA axis hormone responses in patients compared to controls.
Under the hypothesis that a low, minimal side-effect producing dose of PHYSO would enhance the secretion of CRH into the pituitary portal plexus to a certain degree but might not produce a significant ACTH response by itself in some subjects, PHYSO was given both alone and followed by a second stimulus to ACTH secretion, a similarly low dose of AVP. Both normal women and normal men participated in the dose-finding studies. This report presents differences between women and men in their hormone responses to the drug challenges.
SUBJECTS AND METHODS
Development of a Low-Dose Physostigmine/AVP Challenge Test Lewis et al. (1984) found that, following peripheral cholinergic blockade, a PHYSO dose of 18 g/kg (IV over 30 min) produced both unpleasant side effects (i.e., nausea, fatigue, headache) and increased ACTH and cortisol secretion in five normal men, whereas lower doses (6 and 12 g/kg) produced neither side effects nor HPA axis activation. Coiro et al. (1995) also reported no side effects in normal men given PHYSO 12.5 g/kg infused over 10 min. We therefore began dose-finding studies in normal subjects with PHYSO (12 g/kg, IV over 1 to 2 min) and a dose of AVP (0.18 U/kg IM) that had been shown to significantly elevate plasma ACTH in normal subjects (Kathol et al. 1989; Gispen-de Wied et al. 1992; Carroll et al. 1993) . All studies were approved by the institutional review board (IRB), and written informed consent was obtained from each subject.
In the dose-finding studies, subjects were admitted to the Clinical Research Center at Harbor-UCLA Medical Center, Torrance, CA (for the first study) or the Clinical Studies Suite, Allegheny General Hospital, Pittsburgh, Pennsylvania (for subsequent studies) at 1 p.m. on separate occasions, 4 to 7 days apart. A heparin-lock catheter was inserted into an arm vein, and 6 mL blood was taken every 30 min starting at 2:30 P . M . At 5 P . M ., a very light meal was given. At 5:30 P . M ., glycopyrrolate (0.2 mg IM) was given to block the peripheral effects of PHYSO. At 6 P . M ., saline or PHYSO IV was given, and at 7 P . M ., saline or AVP IM was given. In the first study, the test days were AVP alone, PHYSO plus AVP, and scopolamine, in random order. Scopolamine had no measurable effect on ACTH or cortisol secretion. In subsequent studies, the test days were, in random order, saline at both 6 and 7 P . M . (control day), PHYSO at 6 P . M . and saline at 7 P . M . (PHYSO day), saline at 6 P . M . and AVP at 7 P . M . (AVP day), and PHYSO at 6 P . M . an AVP at 7 P . M . (PHYSO/AVP day).
Blood was drawn every 5 min from 7 P . M . until 7:20 P . M . every 10 min until 8 P . M . and every 30 min until 10:30 P . M . (23 samples; 138 mL total volume). Samples were placed into chilled plastic tubes containing 100 L 15% EDTA and 50 L 20% sodium azide, and centrifuged for 7 to 8 minutes at 500 ϫ g . Aliquots of plasma were immediately pipetted into 1.5 mL conical polypropylene tubes, capped, and frozen until analysis for ACTH 1-39 by immunoradiometric assay (IRMA; Nichols Institute, San Juan Capistrano, California) and cortisol by radioimmunoassay (RIA), the details of which have been given earlier (Rubin et al. 1987; . All samples from each subject were analyzed in duplicate in the same assay. Table 1 presents the results of the dose-finding studies. Drug doses in the first study were too high; all subjects had side effects. The dose of AVP was lowered in the second study and women were included, but side effects still occurred, particularly in the women following PHYSO alone. The PHYSO dose was halved in the third study, but there were only weak, if any, hormone responses following PHYSO. In the final study, the PHYSO dose was increased somewhat, and clear, variable hormone responses followed. Only mild side effects occurred in a few subjects; the other subjects had no side effects following either PHYSO or AVP. The PHYSO dose is smaller than that previously reported to produce HPA axis activation, whereas on average the AVP dose is somewhat higher than the cumulative dose (4.4 U) used by Salata et al. (1988) to demonstrate an evening ACTH increase in normal subjects. Because gender differences in hormone responses were suggested in the dose-finding studies, these drug doses were used to compare a larger sample of normal women and men.
Subjects
Fourteen normal women and 14 normal men matched on age and race were studied four times in the Clinical Studies Suite of Allegheny General Hospital. Age-and race-matching were done because of their relationship to HPA axis function (Rubin et al. 1987; Thompson and Rubin 1993) . The subjects were recruited from hospital employees, their families and friends, and through public service announcements. The absence of past or present psychiatric illness in each subject was determined with the Structured Clinical Interview for DSM-III-R, Nonpatient Version (SCID-NP) (American Psychiatric Association 1987; Spitzer et al. 1990) conducted by a Master's degree-level psychiatric nurse-clinician and verified by a psychiatrist. If the subject was suitable for study, the Institutional Review Board-approved experimental protocol was explained in detail, and written informed consent was obtained. The Hamilton Depression Rating Scale (Hamilton 1967 ) also was completed on each subject; their Hamilton scores were all р 1.
A physical assessment, complete blood count, urinalysis and urine screen for common drugs of abuse, blood chemistry panel including thyroid indices, electrocardiogram, and chest X-ray (as indicated or if subject was over 40 years of age) were obtained. Anyone with a history of major medical illness such as hypertension, diabetes, or other endocrinopathy; with abnormal physical or laboratory findings; or who was on any medication that might interfere with the endocrine testing was excluded.
The 14 female subjects had a mean age of 34.8 Ϯ 9.0 years (22-52 years). Twelve were caucasian, and two were black. Twelve were premenopausal (two on contraceptive medication), one was perimenopausal, and one was postmenopausal. The latter two patients were taking conjugated estrogens, 0.625 to 1.25 mg per day. None of the subjects was receiving thyroid replacement. Eleven women were nonsmokers; three smoked 15 to 20 cigarettes per day. The 14 male subjects had a mean age of 35.4 Ϯ 9.3 years (22-52 years), and their race was identical to that of the female subjects to whom they were matched. Ten men were nonsmokers, two smoked 10 cigarettes per day, and two smoked 15 to 20 cigarettes per day.
Neuroendocrine Protocol
This was identical to that of the last dose-finding study, as indicated above, and included four test sessions 5 to 7 days apart, but in the following order: PHYSO (8 g/ kg iv) plus AVP (0.08 U/kg im), PHYSO alone, saline control, and AVP alone. This order was used because some of the controls were individually matched to patients with major depression who, for clinical reasons, had been studied in the same sequence.
Side effects were quantified on a four-point scale (0-3; none, mild, moderate, severe) at three times during each session. After the 5:30 P . M . injection (glycopyrrolate) the criteria were 0 ϭ none, 1 ϭ metallic taste/mild dry mouth; 2 ϭ prolonged mild dry mouth, and 3 ϭ prolonged severe dry mouth. After the 6 P . M . injection (PHYSO or saline) the criteria were 0 ϭ none, 1 ϭ transient lightheadedness/nausea, 2 ϭ prolonged lightheadedness/nausea, and 3 ϭ vomiting. After the 7 P . M . injection (AVP or saline) the criteria were 0 ϭ none, 1 ϭ transient nausea/cramping, 2 ϭ prolonged nausea/ cramping, and 3 ϭ vomiting/flatulence/diarrhea.
All plasma samples from each subject were analyzed in the same ACTH 1-39 , cortisol, and AVP assays, in duplicate for the first two hormones and in singlet for a GLYCO IV ϭ glycopyrrolate intravenously. b PHYSO IV ϭ physostigmine intravenously. c AVP IM ϭ arginine vasopressin intramuscularly.
AVP. As mentioned above, parameters of the ACTH 1-39 IRMA and cortisol RIA have been described earlier (Rubin et al. 1987 (Rubin et al. , 1995 . AVP was determined by a doubleantibody RIA (Glick and Kagan 1979) , with materials obtained in kit form (Bühlmann Laboratories, Allschwil, Switzerland). Antibody specificities compared to AVP were lysine vasopressin 0.25%, oxytocin 0.001%, and vasotocin 0.001%. Inter-and intra-assay coefficients of variation were 5.2% and 8.3%, respectively. The minimum detectable AVP concentration was 0.58 pg/mL (0.54 pmol/L).
Statistical Analysis
For ACTH 1-39 and cortisol, the samples between 2:30 P . M. and 5:30 P.M. served as the baseline afternoon hormone measures. Afternoon baseline cortisol is an estimator of cortisol secretion comparable to the 24-h average value or the 16-h postdexamethasone value (Thompson et al. 1992) . Areas under the curve (AUC) were calculated by the trapezoidal rule and used as the measures of hormone response. For ACTH 1-39 , the response to PHYSO on the PHYSO-alone and PHYSO/ AVP days was the AUC between 6 P.M.. and 7 P.M., and the response to AVP on the AVP-alone and PHYSO/ AVP days was the AUC between 7 P.M. and 9 P.M. For cortisol, the responses to PHYSO on the PHYSO-alone day and to PHYSO plus AVP on the PHYSO/AVP day were the AUCs between 6 P.M.. and 7 P.M., and for the response to AVP on the AVP-alone day, it was the AUC between 7 P.M. and 10 P.M. These times were chosen based on the times of administration of PHYSO (6 P.M.) and AVP (7 P.M.). AVP was measured in the samples from 4:30 P.M. to 7 P.M., to ascertain the influence of PHYSO stimulation on endogenous AVP secretion. The samples between 4:30 P.M. and 6 P.M. served as baseline, and the AVP response was calculated as the AUC between 6 P.M. and 7 P.M.
Because the women and men were individually matched on age and race, repeated-measures analyses of variance (ANOVAs) were used to compare the hormone response AUCs by sex and across the test days. Because all hormone values were log-distributed across subjects, the data were log-transformed prior to parametric statistical analysis. Pearson product-moment correlations also were calculated on the log-transformed data. All reported significance levels are twotailed. Statistically significant differences are considered as p Ͻ .05 and trends as 0.05 Ͻ p Ͻ .10.
RESULTS
As mentioned above, 10 women were premenopausal and not taking exogenous hormones, two were taking steroid contraceptives, and two were on estrogen replacement. The hormone measures were compared in the 10 women not taking hormones vs. the four on contraceptives or estrogen replacement. Means for all the hormone measures (ACTH, cortisol, AVP; baselines and responses to stimulation) were very close, and twosample t-tests were clearly nonsignificant. These findings are consistent with the study of Aedo et al. (1981) , in which women at different menstrual cycle phases and following depot medroxyprogesterone acetate injection had similar cortisol responses to dexamethasone suppression and ACTH stimulation. Thus, in the present study, all 14 women are considered as a single group.
Body surface area (BSA) was significantly less in the women (1.75 Ϯ 0.13 m 2 ) than in the men (2.03 Ϯ 0.24 m 2 ) (t ϭ Ϫ4.19; p Ͻ .002). Correlations between BSA and baseline and stimulated hormone values in both the women and the men were all of low order, and none was significant. The female-male hormone differences reported below therefore do not appear to be related to the difference in BSA between the two groups of subjects. Table 2 indicates the numbers of female and male subjects having no, mild, or moderate side effects following administration of glycopyrrolate at 5:30 P.M., saline or PHYSO at 6 P.M., and saline or AVP at 7 P.M. Side effects were graded as indicated above and in the table legend. About half the subjects had no side effects, and no subject had severe side effects following any treatment. Three women had moderate reactions to glycopyrrolate, no subject had a moderate reaction to PHYSO, and two women and one man had moderate reactions to administered AVP. All other side effects were rated as mild.
Side Effects of Drug Administration
The few moderate side effects were combined with the mild side effects to create dichotomous scores (side effects absent or present), and Wilcoxon signed-rank tests were calculated on these scores. As indicated in Table 2 , both PHYSO and AVP produced greater frequencies of side effects in both the women and the men than did the corresponding administrations of saline. Although not indicated in Table 2 , several drug-saline differences were statistically significant (p Ͻ .05). Neither glycopyrrolate nor PHYSO produced significant female-male differences in frequency of side effects on any of the test days. AVP produced significantly greater side effects in the women on one of the two days in which it was administered.
Of importance, point biserial correlations between side effects (absent or present) after PHYSO administration at 6 P.M. on the PHYSO-alone and PHYSO/AVP days and after AVP administration at 7 P.M. on the AVP-alone and PHYSO/AVP days, and the corresponding ACTH 1-39 , cortisol, and AVP responses (AUCs), were all of low order (none Ͼ 0.31 or ϽϪ0.22 for the women and Ͼ0.24 or ϽϪ0.26 for the men), and all were nonsignificant. Thus, the hormone responses reported below cannot be attributed to the occurrence of side effects in either group of subjects. Figure 3 present the mean (ϮSEM) ACTH 1-39 , cortisol, and AVP values, respectively, at each time point for the female and matched male controls on the four test days. Afternoon baseline ACTH 1-39 , cortisol, and AVP did not vary systematically across the four test days (Kendall's coefficients of concordance determined separately for each hormone, and subject group were all Ͻ0.09; p ϭ NS), and baseline hormone coefficients of variation across the four days for both subject groups were all Ͻ5.5%. The fact that the afternoon, baseline values of these stress-responsive hormones were not higher on the first or second test days (PHYSO/AVP and PHYSO/saline) compared to the third or fourth days (saline/saline and saline/AVP) argues against the possibility that the hormone responses to PHYSO administration were related to the order of testing, i.e., enhanced by the novelty of the experimental situation on the first or second test days. However, it does not completely eliminate this possibility.
Baseline Hormone Values and Hormone Responses to Drug Challenge
With reference to exogenously administered AVP, repeated-measures ANOVAs of log-transformed ACTH and cortisol responses to AVP vs. saline revealed a significant stimulatory effect of AVP on both hormones (ACTH p Ͻ .0001; cortisol p Ͻ .0002), but no significant difference in hormone responses between women and men (sex ϫ treatment interactions: ACTH p Ͼ .60; cortisol p Ͼ .15). Therefore, the rest of this article will concern the HPA axis responses to PHYSO.
With reference to PHYSO administration, Table 3 presents the mean (ϮSEM) baseline hormone values and the hormone responses to saline and PHYSO (AUCs) in the female and male subjects. Because the baseline hormone values did not vary systematically across the four test days, as noted above, they were averaged across all four days for each subject. Afternoon PHYSO-plus-AVP Day 8; 5; 1 7; 6; 1 NS a Side effects were graded as follows. (No subject had severe side effects following any treatment). Following glycopyrrolate at 5:30 P.M.: 0 ϭ none; 1 ϭ metallic taste, mild dry mouth; 2 ϭ prolonged dry mouth; 3 ϭ prolonged severe dry mouth. Following saline or PHYSO at 6 P.M.: 0 ϭ none; 1 ϭ mild (transient lightheadedness, nausea); 2 ϭ moderate (prolonged lightheadedness, nausea); 3 ϭ severe (vomiting). Following saline or AVP at 7 P.M.: 0 ϭ none; 1 ϭ mild (transient nausea, cramping); 2 ϭ moderate (prolonged nausea, cramping); 3 ϭ severe (vomiting, flatulence, diarrhea).
b For the Wilcoxon signed-rank tests, the few moderate side effects were combined with the mild side effects to create dichotomous scores (side effects absent or present), and the statistical tests were run on these scores. baseline ACTH 1-39 was significantly higher in the men than in the women (paired t ϭ Ϫ2.12; p Ͻ .05), but baseline cortisol and AVP were not significantly different between groups (paired t ϭ 0.88 and Ϫ0.96, respectively). Table 4 presents the results of repeated-measures ANOVAs of the log-transformed ACTH 1-39 , cortisol, and AVP responses (AUCs) to PHYSO vs. saline in the female vs. the male subjects. For the PHYSO vs. saline comparisons, the hormone responses on the two days in which PHYSO was administered at 6 P.M. were contrasted with the two days in which saline was given at 6 P.M.
PHYSO significantly increased the secretion of all three hormones (p ϭ .025, .03, and .0001, respectively; Figure 1-3) . For ACTH 1-39 , there were both a significant sex difference (p ϭ .04) and a sex ϫ treatment interaction (p ϭ .01); the response to PHYSO was clearly higher in the men (Table 3 and Figure 1 ). For cortisol, there was no significant sex difference (p ϭ .87), but a trend toward a sex ϫ treatment interaction (p ϭ .08; Figure 2 ). For AVP, as for ACTH 1-39 , there were both a significant sex difference (p ϭ .02) and a sex ϫ treatment interaction (p ϭ .02); again, the response to PHYSO was higher in the men (Table 3 and Figure 3) . Correlations between the ACTH 1-39 and AVP responses to PHYSO on the PHYSO-alone and PHYSO/AVP days in the women were 0.23 and Ϫ0.18, respectively (p ϭ NS), but in the men they were 0.70 and 0.70, these being statistically significant (p Ͻ .01).
DISCUSSION
Previous studies of sex differences in HPA axis responsiveness to direct stimuli such as exogenous CRH and AVP administration have found either no difference or greater responses in women (Carroll et al. 1993; Heuser et al. 1994; Born et al. 1995) . In most studies of central cholinergic stimulation of the HPA axis, however, the sex of the subjects was not specified, or only men were used (Carroll et al. 1980; Davis et al. 1982; Nurnberger et al. 1983; Risch et al. 1983; Lewis et al. 1984; Raskind et al. 1989; Dodt et al. 1994 ). Doerr and Berger (1983) and Krieg et al. (1987) The results of our study indicate a greater sensitivity of the HPA axis to low-dose PHYSO in normal men compared to normal women. The men did not experience more side effects than did the women; therefore, this greater sensitivity in the men does not appear to be due to nonspecific stress. The results also suggest that the ACTH 1-39 response in the men may have been mediated by increased secretion of AVP because this hormone also responded to PHYSO in the men significantly more than in the women, and, in the men, AVP A critical issue in the present study is defining a putative mechanism for the observed sex difference in AVP response to cholinergic stimulation, which paralleled the ACTH 1-39 response. The ratio of the two hormone responses was similar to that after infusion of hypertonic saline into normal men (Rittmaster et al. 1987) , again suggesting that stimulation of AVP by PHYSO was a major stimulus to ACTH secretion in our subjects.
Muscarinic neurotransmission appears to be involved in cholinergic stimulation of AVP secretion because scopolamine, a centrally active muscarinic cholinergic antagonist, blocked the AVP response to PHYSO in normal men, but mecamylamine, a centrally active nicotinic antagonist, did not (Pascualy et al. 1995) . Of putative relevance is the cholinergic basal forebrain complex, which projects, among other areas, to the amygdala and hippocampus, important areas for stimulation and negative feedback, respectively, of the HPA axis (Fibiger et al. 1991; Wainer et al. 1993 ), but it is difficult to propose a detailed neurophysiological and neuroanatomical model for our results.
For example, there is electrophysiological evidence for direct connections between the lateral septum and amygdala and the ipsilateral paraventricular and supraoptic nuclei, which are inhibitory to AVP neurons in these nuclei (Poulain et al. 1981; Cirino and Renaud 1985; Baldino et al. 1988) . In rats, the lateral septum (as well as ventral septum, lateral habenular nucleus, and midbrain structures) receives input from sexually dimorphic vasopressinergic cells in the bed nucleus of the stria terminalis (BNST) and medial amygdala (De Vries et al. 1994a; 1994b) . The number of sexually dimorphic vasopressinergic cells and the density of their innervations are greater in male animals than in females, and expression of AVP is maintained by testosterone through both androgen and estrogen receptors (the latter via aromatization of testosterone).
The functional relationships of these circuits, however, are largely still unknown. In humans, the BNST contains AVP-immunoreactive cells, and the nucleus basalis of Meynert, part of the basal forebrain cholinergic complex, may contain scattered cells expressing AVP messenger RNA (Sukhov et al. 1993) . Whether these cells in the human are sexually dimorphic and/or hormone sensitive also is unknown. Furthermore, there are other sexually dimorphic areas of the brain in both rats and humans, the most prominent being in the preoptic area of the hypothalamus (Swaab 1995; Swaab et al. 1995) , which also has been implicated in HPA axis regulation (Viau and Meaney 1996; Herman et al. 1996) . Because these systems receive direct or indirect cholinergic input, they may mediate the effects of PHYSO on the HPA axis differently in females and males. There also may be an important effect of age on sex differences in HPA axis responsiveness to cholinergic stimulation. Peskind et al. (1996) measured immunoreactive ACTH, ␤-endorphin-like immunoreactivity, and cortisol responses to PHYSO in female and male patients with Alzheimer's disease and normal older-adult controls. There were no differences between patients and controls in any hormone response, but the female patients and controls as a group (n ϭ 8) had significantly greater responses of all three hormones than did the male subjects as a group (n ϭ 13). These findings are the opposite of ours.
There are several possible reasons for this difference. First, the average age of the Peskind et al. subjects was 71 Ϯ 2 years, twice that of our subjects. The sensitivity of the HPA axis to stimulation increases somewhat with age, but it is not clear if this occurs differentially in women and men. Only three of their eight elderly women were receiving estrogen replacement; our preliminary findings on postmenopausal, nonestrogen-replaced women suggest that they may have greater responses to low-dose PHYSO than do younger women. Second, Peskind et al. (1996) quantitated side effects to PHYSO and indicated there was no significant difference in nausea ratings between men and women, but the severity of side effects was not noted, i.e., how many subjects may have had nausea and vomiting and thus a nonspecific stress stimulation of the HPA axis.
Finally, in our younger subjects, AVP as well as ACTH 1-39 responded to PHYSO to a greater degree in the men, and the two responses were significantly correlated, suggesting that increased AVP may have been an intermediary between the cholinergic stimulus and the ACTH response (Peskind et al. did not measure AVP in their elderly subjects). AVP-producing cells in the human supraoptic and paraventricular nuclei remain intact in old age (Hofman 1997) , and basal plasma AVP concentrations have been reported to be twice as high in elderly men as in elderly women (Asplund and Åberg 1991) . However, in aged male rats the density of high-affinity hypothalamic acetylcholine binding sites is decreased, whereas in aged female rats it is preserved, suggesting a potential decrease in responsiveness to cholinergic challenge in aged male animals (Gurwitz et al. 1987) .
In conclusion, the present study suggests that central cholinergic systems can influence AVP secretion differentially in young adult women and men. Either central cholinergic systems themselves may be sexually dimorphic, or central cholinergic stimulation can affect other, sexually dimorphic systems that influence hormone release. The available evidence, although scanty, points toward the latter. We currently are extending the lowdose PHYSO protocol to elderly women and men, and subsequent studies will address specific muscarinic and nicotinic components of this system in both young and elderly subjects.
